Renal blood flow and other renal functions are depressed when the normotensive animal is made hypertensive by the administration of norepinephrine. By contrast, when the blood pressure is increased to normal with norepinephrine in the animal previously made hypotensive by hemorrhage, renal function and cardiac output increase.
V ASOPRESSOR. agents produce renal vasoconstrie.tion when administered to normotensive animals and man. 1 " 5 Because of this vasoconstrictor activity, the question has been raised whether these agents might not actually be harmful 5 ' G to the kidney when used to elevate blood pressure for the treatment of shock. Observations made recently 7 ' s indicate that when renal and cerebral blood flow are markedly depressed due to hypotension resulting from ganglionic blocking agents, administering a vasopressor agent will actually increase blood flow to these vascular beds. Although the circumstances are not analogous to shock, these results do suggest a paradox since, when vasopressor agents are administered to normotensive subjects, and the blood pressure is raised to hypertensive levels, cerebral and renal blood flow are depressed. The current observations were made on dogs in order to determine whether the administration of vasopressor agents would increase renal blood flow in the presence of hypotension due to hemorrhage. Concurrent observations were made on cardiac output. Since adrenergic blockade has been reported Received for publication May 17, 1954. 441 to decrease the mortality rate 9 ' 10 of experimental animals following hemorrhage, observations on the effect of adrenergic blockade on renal hemodynamics were made before and after hemorrhage.
METHODS AND MATERIALS
Observations have been completed on 14 female dogs anesthetized with 30 nig. per kilogram of sodium pentobarbital administered intravenously. Dogs were divided into two groups. There were seven animals in group 1 in which the renal response to hemorrhage followed by norepinephrine was observed. Cardiac output studies were done on five of them. Oreatinine was used to measure glomeiular filtration rate (GFR) and para-aminohippurate (PAH), to measure renal plasma flow (RPF). Mean arterial blood pressure was measured directly with a mercury manometer as well as a Hamilton manometer in the five dogs on which cardiac outputs were estimated." Arterial blood for the analyses was collected through a manifold connected to an indwelling arterial needle. Except for minor modifications the technics and analytic methods used in the renal studies have been previously described. 12 Following suitable control observations (three successive 10-minute periods), animals were bled by the use of a graduated leveling reservoir until the mean blood pressure (determined by mercury manometer) was stabilized at SO to 90 mm. Hg. Cardiac output and renal function studies were repeated during two consecutive 10-minute periods. These observations were designated as the first hemorrhage period (Hi). The blood pressure was recorded every two minutes on each dog. There was some variation in blood pressure between the beginning of the period and the observations made 20 minutes later. Two of the animals (numbers 4 and 5), in which control blood pressures were particularly low, were bled until an amount of blood had been taken that was estimated (on the basis of ADRENERGIC BLOCKADE AXD X0REP1NEPHRINE AFTER HEMORRHAGE body weight) to be equivalent to that removed in the other animals. When observations for the first hemorrhage period were completed, animals were again bled until the blood pressure was stabilized at 50 to 70 mm. Hg for 20 to 30 minutes (designated period H>). Then observations were made during two successive 10-minute periods. Following these observations a 1:100,000 solution of norepinephrine was infused. The rate of infusion was adjusted so as to raise the blood pressure first to nonnotensive levels (Vi)> which required 20 to 100 y of norepinephrine per minute, and then to hypertensive levels (V2), which required 100 to 300 y of norepinephrine per minute. Observations were again made at each level of blood pressure during two successive 10-minute collection periods. Following these observations norepinephrine was discontinued. After a delay period of 15 to 20 minutes, observations on renal function were again made during two successive 10-minute periods. These observations are designated "Co." All of the blood previously withdrawn from the dog was then replaced and four successive 10-minute clearance periods were obtained (designated T in tables). Cardiac outputs were estimated during each renal clearance period using the pulse contour method of Hamilton and Remington."
There were seven dogs in group 2. After three successive periods of control observation, similar to those on the dogs in group 1, five of the animals 
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X Mean for only six observations. § Observations not made.
Vi-Blood pressure returned to normotensivo levels with norepinephrine. V;-Blood pressure increased to hypertensive levels with norepinephrine. C2-Second control period after the vasopressor agent was discontinued. T-All blood replaced which was previously lost. in group 2 were given an adrenergic blocking dose of Dibenzyline (phenoxybenzamine hydroehloride) (5 nig. per kilogram). After three successive renal clearance periods were completed the animals were bled until blood pressure was reduced to 50 to 60 nun. Hg; following which three renal clearance periods were again completed. The two remaining dogs in group 2 were bled (before administering Dibenzyline) similarly to the dogs in group 1 and renal clearance studies carried out. When the blood pressure had stabilized at 50 to 60 mm. Hg, they were given 5 ing. per kilogram of Dibenzyline in order to produce adrenergic blockade. Observations were then made on renal function. Because of the adrenergic blockade, norepinephrine was not administered to the animals in group 2 and cardiac output studies were not made.
RESULTS
The Effect of Hemorrhage and Norepinephrine on Renal Tlemodynamics. Renal hemodynamic studies are presented in table 1. Following the initial hemorrhage, renal blood flow and glomerular filtration rate were with two exceptions (dogs 3, 4), not markedly depressed. After the second hemorrhage, the blood pressure was reduced further and both glomerular filtration rate and renal blood flow were depressed in all of the animals. Renal vascular resistance was increased in only about onehalf of the animals. When norepinephrine was administered, both glomerular filtration rate and renal blood flow usually returned towards the control values but never completely reached it. When the blood pressure was increased to hypertensive levels, renal blood flow and glomerular filtration rate were markedly depressed ( fig. 1 ). Renal function in the animals which were bled most severely apparently was not 1. A comparison of the response to norepinephrine in a normotensive dog and one previously made hypotensive. When norepinephrine is infused into a normotensive dog, the blood pressure increases and renal plasma flow is depressed. As the rate of infusion is increased farther, both glomerular filtration rate (GFR) and renal plasma flow (RPF) are depressed. Following blood loss in an incremental fashion, RPF is first depressed and then both GFR and RPF are depressed. When the blood pressure is brought, back to control levels with norepinephrine, both GFR and RPF are increased, but if the blood pressure is increased to hypertensive levels both RPF and GFR are again depressed. F i c 2. Followingsevere blood loss, l.hisiinimal (dog4) showed no improvement when the blood pressure was increased to control levels by norepinephrine. When the blood volume was partially restored, blood pressure and renal function remained depressed. However, when the blood pressure was now increased with norepincphrine, both glomerular filtration rate and renal plasma flow increased. improved when the blood pressure returned to normotensive values. However, if the blood volume was partially restored, norepinephrine had a beneficial effect on renal function (fig. 2) . The improvement in renal function was frequently associated with an increase in cardiac output when norepinephrine was given.
The effects on water and electrolyte excretion are presented in table 2." Following hemorrhage, water and sodium excretion were markedly depressed. This occurred without alteration in plasma sodium. When the norepinephrine was given, glomerular filtration rate increased as the blood pressure approached the control levels. This was associated with an increase in sodium and water excretion. However, this never approximated the control levels and when the blood pressure was raised above the control levels the excretion rates of water and electrolytes were again depressed. 11.9 13.7
C-Control
Br-First period (10 minutes) following adrenergic blockade with 5 mg/Kg. of Dibenzyline. B 2 -Average of second and third 10-minute periods after adienergic blockade. BHi-KfTect of blood loss following adrenergic blockade (first period). B1T«-Average of second and third periods after hemorrhage.
Hi-First period after hemorrhage without adrenergic blockade. H 2 -Average of second and third periods after hemorrhage prior to adrenergic blockade. HBi-First period after adrenergic blockade in animal from which blood was previously taken. HB 2 -Average of second and third periods after adrenergic blockade in animal from which blood was previiouslv taken.
The renal hemodynamic response to blood pressure reduction with adrenergic blockade and adrenergic blockade plus hemorrhage is presented in table 3. Blood pressure reduction by adrenergic blockade did not alter glomerular filtration or renal blood flow appreciably. When these animals were then bled, only a fraction of the blood was taken from the ani-mal that was necessary in the group 1 dogs in order to obtain the same degree of blood pressure reduction. This was reflected in a relatively insignificant depression of renal function, as compared with the group 1 animals despite slightly greater reductions in blood pressure in the animals in group 2. This absence of depressed renal function probably 44(5 ADREXERGIC BLOCKADE AND XOREl'IXEPHRINE AFTER HEMORRHAGE indicates at least partial blockade of the renal nerves. Even when Dibenzyline was given following blood loss (clogs 13 and 14), renal function was not depressed to the same degree that was observed with an equivalent degree of reduction in blood pressure without blockade. Hemorrhage following adrenergic blockade did not depress sodium excretion to the same degree that it did in the animals which did not receive Dibenzyline.
Effect of Hemorrhage and Norepinephrine on
Cardiac Output. Following the initial hemorrhage (no. 1 or Hi), typical hemorrhage pulse contours were observed" and the cardiac output was usually depressed. The peripheral resistance either decreased or it was not altered appreciably. The second hemorrhage depressed the cardiac output further with an inconstant effect on peripheral resistance. The variability of the effect of hemorrhage on cardiac output and the total peripheral resistance agrees with the observations of Remington and his associates. 14 When the blood pressure was returned to control levels by the intravenous infusion of norepinephrine, the cardiac output either increased or it was not altered. It was not significantly depressed even when the pressure was increased to levels which were considerably above the control levels. The administration of norepinephrine was associated with an increase in peripheral resistance. This was most marked when the blood pressure was raised to markedly hypertensive levels (period "V 2 "). Following reinfusion of blood, the cardiac output increased above the control levels. If the cardiac output was greatly increased above the control levels immediately following blood replacement, this gradually decreased toward the control levels during the subsequent period of 20 minutes.
DISCUSSION*
It is quite obvious that erroneous conclusions are reached when vasopressor agents are administered to normal animals for evaluating the pharmacodynamics of these compounds as therapeutic agents for the treatment of hypotensive states. When norepinephrine is administered to a normal animal, renal blood flow is at first depressed without altering glomerular filtration rate. However, as the rate of infusion is further increased, the blood pressure rises farther and glomerular filtration rate as well as renal blood flow are depiessed. Contrariwise, when the blood pressure is raised by administering norepinephrine to a hypotensive animal, both glomerular filtration rate and renal blood flow are actually increased provided that the blood loss is not excessive. These observations suggest that if blood volume is not totally inadequate, the administration of norepinephrine for the treatment of hypotensive states due to hemorrhage can be expected to increase renal blood flow and improve renal function. If the hemorrhage is too severe, vasopressor agents seem to aggravate the reduction in renal blood flow, and blood volume replacement is the most effective method for improving renal function. These data further suggest that vasopressor agents would be beneficial to the kidney when used in the treatment of normal volemic shock.
SUMMAKY AND CONCLUSIONS
The renal and cardiovascular hemodynamic response to norepinephrine was studied in dogs made hypotensive by repeated hemorrhage. Cardiac; output, renal blood flow and glomerular filtration rate were reduced by small to moderately severe hemorrhage. When the blood pressure was then increased to approximately control levels with norepinephrine, both cardiac output and renal function improved. However, if the blood pressure was increased to hypertensive levels, renal function was markedly depressed, quite similarly to normal animals which have not been bled but have been made hypertensive with a norepinephrine infusion. In the severely hemorrhaged animals which did not show improvement of renal function following norepinephrine, when the blood loss was partially replaced, glomcrular filtration rate and renal blood flow increased when norepinephrine was administered, and the blood pressure returned to control levels. This indicates that in the presence of excessive blood loss, blood volume replacement is superior to vasopressor agents for improving renal function and cardiac output. REFERENCES 'SMITH, H.: The Kidney. New York, Oxford University Press, 1951.
